Damage to one vestibular labyrinth or nerve causes a central tone imbalance, reflected by prominent spontaneous nystagmus. Central adaptive mechanisms eliminate the nystagmus over several days, and the mechanisms underlying this process have received extensive study. The characteristics of vestibular compensation when the tone imbalance is presented gradually or repeatedly have never been studied. We used highfrequency electrical stimulation of semicircular canal afferents to generate a vestibular tone imbalance and recorded the nystagmus produced when the stimulation was started abruptly or gradually and when it was repeatedly cycled on and off. In the acute-onset protocol, brisk nystagmus occurred when stimulation started, gradually resolved within 1 day, and reversed direction when the stimulation was stopped after 1 week. Repeated stimulation cycles resulted in progressively smaller nystagmus responses. In the slow-onset protocol, minimal nystagmus occurred while the stimulation ramped-up to its maximum rate over 12 h, but a reversal still occurred when the stimulation was stopped after 1 week, and repeated stimulation cycles did not affect this pattern. The absence of nystagmus during the 12 h ramp of stimulation demonstrates that central vestibular tone can rebalance relatively quickly, and the reduction in the stimulation-off nystagmus with repeated cycles of the acute-onset but not the slow-onset stimulation suggests that dual-state adaptation may have occurred with the former paradigm but not the latter.
INTRODUCTION
The central vestibular system is highly plastic and can adapt to changes in peripheral labyrinthine inputs or changes in visually mediated demands. The former is typically studied with lesions of the labyrinth or vestibular nerve (e.g., Fetter and Zee 1988) that eliminate all input from the affected ear and produce substantial static and dynamic abnormalities in eye movements, posture, and perception (Dieringer 1995) . Many studies have focused on vestibular-mediated eye movements as a way to quantify adaptation. Ablative lesions such as labyrinthectomy produce strong spontaneous nystagmus, the static oculomotor abnormality that results from a central imbalance in tonic activity between the vestibular nuclei on the ablated and normal sides (Vidal et al. 1998) . The process of vestibular compensation eliminates the spontaneous nystagmus over a period of days, but this form of adaptation has been studied exclusively as a monophasic process that occurs when an acute lesion of the vestibular periphery produces a large, abrupt imbalance in central vestibular tone (Curthoys 2000) . This approach mimics the changes that occur clinically after acute peripheral damage (e.g., vestibular neuritis, Halmagyi et al. 2010) .
While vestibular deficits can also develop gradually (e.g., with a vestibular schwannoma, Day et al. 2008) , the compensation that occurs when a central tone imbalance is introduced gradually has never been explored. Furthermore, it has become clear that the vestibulo-ocular reflex (VOR) can adapt to more than one condition simultaneously and that the appropriate motor responses can be accessed using sensory cues linked to the condition. By tailoring retinal image motion to different contexts, for example, the VOR gain can be differentially adapted for different orbital eye positions (Shelhamer et al. 1992 ). This contextspecific adaptation allows rapid changes in motor output to occur when the demands on the system change abruptly. Since the training that elicits this multi-state adaptation requires repeated switching between two or more sensori-motor conditions, an experimental approach to evaluate the possibility of multi-state adaptation of static vestibular tone has not been available.
It has been observed that high-frequency electrical stimulation of vestibular afferents from one ear closely mimics the static behavioral syndrome (e.g., spontaneous nystagmus, postural instability) that occurs after unilateral vestibular ablation (Vidal et al. 1998; Merfeld et al. 2006) . Electrical stimulation, however, allows one to alter central vestibular tone in a controlled and reversible manner that cannot be replicated with standard ablative procedures. Using this approach, an imbalance in central vestibular tone can be introduced gradually or rapidly. Furthermore, since electrical stimulation can be switched on and off, this method allows one to probe the capacity for dual-state adaptation of the vestibular tone balance between the stimulated and unstimulated sides. In the current study, we compared the eye movements elicited by gradual and rapid changes in the central vestibular tone balance produced by electrical stimulation of canal afferents to investigate if the rate at which the tone imbalance develops affects static compensation. We also examined the effects of repeated cycles of electrical stimulation to investigate the capacity for dual-state adaptation of vestibular tone.
METHODS

1)
General methods and surgical procedures: Most of the methods used in this study have been described in a prior publication (Merfeld et al. 2006 ) so they will be summarized briefly. The elements of this study that are new will be described in detail. Four mature guinea pigs were used in this study. All experimental protocols were approved by the institutional animal care and use committee and were in accordance with USDA guidelines. The animals had three separate surgical procedures, each of which was performed under general anesthesia using inhaled isoflurane. For the eye coil surgery, an 11-mm diameter three-turn frontal coil was inserted under the conjunctiva. For the headbolt procedure, the guinea pig's head was restrained in a stereotaxic frame and four stainlesssteel screws heads were surgically inserted beneath the skull roughly equidistant from the bregma. A small fiberglass head bolt was placed between the screws and attached to the skull and screws using dental acrylic. A fiberglass headcap was attached to the headbolt and served to hold the stimulation circuitry and batteries. For the ear electrode surgery, a stimulating electrode was inserted near afferent neurons innervating the left lateral canal. The electrodes were Teflon coated platinum wire, 150 μm in diameter, with about 500 μm of Teflon stripped from the electrode's tip. The electrodes were positioned with a micromanipulator while pulsatile electrical stimulation (600 pulses-per-second) was provided and when large eye responses were observed without evidence of facial nerve activation, they were fixed in place with dental acrylic (Merfeld et al. 2006) . The return electrode was inserted in the ipsilateral temporalis muscle. 2) Stimulation protocols: The ear electrodes were connected to the prosthesis stimulation circuit we have previously described in detail Merfeld 2000, 2002) . All electrical stimulation consisted of a series of charge-balanced biphasic current pulses that consisted of a 200 μs cathodic pulse, followed by a 200-μs "rest" phase, followed by a 200-μs anodic pulse. The amplitude of the current pulses was determined empirically to maximize eye movement responses without activating facial musculature, and ranged from 50 to 200 μA across animals. Once determined during the initial electrode characterization, the current amplitude was maintained constant for each animal during the course of all experiments. The efficacy of stimulation was assessed by monitoring the amplitude of eye movements evoked by single biphasic current pulses during intervals when the tonic stimulation was turned off. Like our prior studies which used chronic electrical stimulation (e.g., Lewis et al. 2010) , the eye movements elicited in this manner remained stable during the experiment. We also monitored the back voltage from the stimulating electrode (Lewis et al. 2010 ) and this remained stable as well in all the guinea pigs we tested, indicating that the electrodes remained functional throughout the experiment. Two stimulation protocols were used in this study: a) Acute-onset stimulation protocol: One guinea pig had stimulation abruptly turned-on at a rate of 250 pulses-per-second (pps), was maintained in this state for 1 week, and then stimulation was abruptly turned-off and remained off for 1 week. This pattern was repeated such that stimulation was turned-on at the start of weeks 1, 3, and 5, and was turned-off at the start of weeks 2, 4, and 6. Since this protocol is identical to that used in our prior study (Merfeld et al. 2006) , the results from this guinea pig were analyzed in combination with data from two of the three guinea pigs in our previous study. Guinea pig G in that study was excluded because it was an extreme outlier, with nystagmus responses two orders of magnitude greater than those recorded in the other two animals (Merfeld et al. 2006, see Fig. 5C ). This marked difference is almost certainly due to the experimental preparation in this one guinea pig (e.g., the position of the electrode tip relative to the canal afferents) which rendered its electrical stimulation one thousand times more effective than the other animals, rather than a variation in vestibular physiology. b) Slow-onset stimulation protocol: Three guinea pigs (GP1, GP2, and GP3) were tested with a similar stimulation protocol but when the stimulation was started it increased slowly in a linear manner from 0 to 250 pps over a period of 12 h (e.g., increased at a rate of about 0.35 pps/min for 720 min) and then was maintained at 250 pps for the remainder of the week. At the end of the week the stimulation was abruptly turned-off. Like the abrupt-onset protocol, for these three guinea pigs the electrical stimulation was provided during weeks 1, 3, and 5, and stimulation was off during weeks 2, 4, and 6. During each week of stimulation, the slow-onset protocol provided 96.4 % as many biphasic current pulses as the acute-onset protocol.
3) Data collection and analysis: Eye movements were measured with the animals alert, stationary, and in complete darkness, using a standard Robinsonstyle search coil system with the head tilted forward to bring the horizontal canals roughly parallel to the earth-horizontal (Curthoys 1975) . Horizontal eye position signals were sampled at 5,000 Hz and were digitally differentiated twice to yield eye acceleration. Nystagmus quick phases were identified using an interactive Matlab program using standard acceleration criteria, and all data were reviewed and corrected, if necessary, by an experienced investigator.
In both protocols, at the onset of stimulation, eye movements were recorded in the dark for 30 min. For the acute-onset protocol the stimulation rate was 250 pps throughout this period but for the slow-onset protocol the stimulation rate was 0 at the start and reached only 10.4 pps over this 30 min period. After 30 min the room was illuminated for 10 min (allowing access to retinal slip signals associated with nystagmus) with the guinea pig's head restrained, and then eye movements were recorded in the dark for another 5 min. In between subsequent periods of data collection, the guinea pigs were returned to their cages and were free to move normally in a lit environment. Eye movements were recorded for 5 min three additional times during the first day of stimulation, and for 5 min after 24 and 32 h, and 5 days of stimulation. The exact same recording schedule was followed after the stimulation was turned-off.
Like prior studies in guinea pigs (Escudero et al. 1993) , we choose to quantify the nystagmus response by calculating the rate and cumulative number of fast phases because vestibular slow phases in guinea pigs are scallop-shaped (Merfeld et al. 2006 ) and hence accurate measures of slow phase velocity are not possible. The nystagmus rate was calculated as the inverse of the time interval between fast phases, and the high-frequency variability of the nystagmus rate was reduced with a low-pass filter (Merfeld et al. 2006) . The cumulative number of fast phases was also calculated since it captures both the rate and temporal course of the fast phase response with less variability than the nystagmus rate. While the nystagmus rate was determined for all periods of data collection, the cumulative fast phase count was only calculated for the first 30 min that followed each cycle of abrupt termination of stimulation for both the acute and slow-onset protocol. The cumulative count was not calculated during the first 30 min of stimulation because no quick phases were evoked by the very low rate of stimulation reached during this time frame with the slow-onset protocol, so no quantitative comparison of fast phase counts between the acute-and slow-onset protocols was possible during stimulation-onset.
The standard right-handed sign convention was used for the eye movements, so the positive direction was leftward. Since the left ear was stimulated in each guinea pig, the slow phases during stimulation were directed to the right (negative) and the fast phases were directed to the left (positive). When the stimulation was abruptly terminated, a nystagmus beating in the opposite direction (leftward slow phases, rightward fast phases) was always observed. Fast phases were therefore assigned a value of +1, if they were directed towards the left (the fast phase direction when stimulation was initiated), and −1, if they were towards the right (the fast phase direction when the stimulation was abruptly terminated). Since nystagmus can reverse direction during or after prolonged vestibular stimulation (Hain et al. 1987) , we determined the peak value of the cumulative fast phase count that was in the appropriate physiologic (negative) direction after each termination of stimulation. The peak value was often reached prior to the end of the 30 min of data collection.
Data are reported below as mean±one standard deviation, and all statistical tests were performed using the SigmaStat 3.5 software package. Figure 1 illustrates eye movement traces from the first cycle of stimulation for the guinea pig tested with the acute-onset protocol and for one guinea pig tested with the slow-onset protocol. For the acute-onset protocol, no nystagmus was recorded prior to stimulation (Fig. 1A ) but when the stimulation was acutely started at 250 pps a prominent nystagmus was observed with slow phases contralateral and fast phases ipsilateral to the stimulated left ear (Fig. 1B) . Within 1 day of tonic high-frequency stimulation the nystagmus had completely resolved (Fig. 1C) , but when the stimulation was acutely turned-off after 1 week, nystagmus beating in the opposite direction (e.g., fast phases contralateral to the stimulated ear) occurred (Fig. 1D ). For the slow-onset protocol, almost no fast phases were recorded at any point during the gradual ramp up to the stimulation rate of 250 pps ( Fig. 1E-G) or during the subsequent 6.5 days of tonic stimulation at this rate. When the tonic stimulation was abruptly stopped (Fig. 1H ), however, a clear burst of nystagmus was observed with fast phases contralateral to the stimulated ear (e.g., in the same direction as the off-response for guinea pig tested with the acute-onset protocol). The eye movement response characteristics for the acute-and slow-onset protocols and the effects of repeated cycles of stimulation are analyzed in detail below. 2) Stimulation-onset: The nystagmus rates for all three stimulation cycles are shown in Figure 2 for the one guinea pig tested with the acute-onset protocol and for the three guinea pigs tested with the slowonset protocol. For the acute-onset protocol, the stimulation-on fast phases were positive (towards the stimulated ear) and the nystagmus rate atten- uated fairly rapidly and became negligible after about 100 min of tonic stimulation. Compared to the first week of stimulation (week 1 in Fig. 2 ), when the stimulation was repeatedly cycled between the on and off states, the nystagmus produced by the subsequent on-transitions (weeks 3 and 5) became weaker. This pattern is identical to the responses we previously described (Merfeld et al. 2006 ) using the same stimulation protocol. For the slow-onset protocol, during both the 12 h ramp-onset and the following 6.5 days of tonic stimulation at 250 pps, there was an almost complete absence of fast phases during the first week of stimulation (week 1) or during each of the two subsequent weeks of stimulation (weeks 3 and 5) in all three guinea pigs (Fig. 2) . 3) Stimulation-offset: The nystagmus rates and cumulative fast phase counts for all three stimulation cycles are shown for the four guinea pigs in Figure 3 . For the guinea pig tested with the acuteonset protocol, when the stimulation was abruptly terminated the nystagmus beat in the opposite (negative) direction compared to when the stimulation was turned on. For all three off-transitions (weeks 2, 4, and 6), the nystagmus was weaker and resolved faster than it did for the corresponding on-transitions (Fig. 2) . The direction of the fast phases also clearly reversed after each of the three off-transitions, as the cumulative counts, which always began as negative, shifted towards the positive after a variable duration (Fig. 3) . Similar to our prior study using the same protocol (Merfeld et al. 2006) , when the stimulation was repeatedly cycled between the on and off states, the nystagmus produced by the off-transition became progressively weaker. This is most readily observed in the cumulative count plot, which demonstrates that the stimulation-off fast phases that beat contralateral to the stimulated ear (e.g., in the negative direction) were markedly reduced after the first off-transition. The peak (negative) cumulative fast phase count in this guinea pig dropped from 26 (week 2) to 2 (week 6).
RESULTS
1) Overview:
For the three guinea pigs tested with the slowonset protocol, when the stimulation was abruptly turned-off after 1 week of stimulation (Fig. 3 , week 2), the nystagmus response was qualitatively similar to the stimulation-off response that followed the first week of acute-onset stimulation. The nystagmus rate was generally smaller and resolved more rapidly with the slow-onset protocol, as reflected in the smaller peak (negative) cumulative counts for the slow-onset guinea pigs following the first off-transition (Fig. 3, week 2) . Like the acute-onset guinea pig, two of the slow-onset animals had a delayed reversal of the nystagmus direction after the first off-transition (GP1 reversed after about 800 s and GP3 after about 200 s). During the subsequent off-transitions (weeks 4 and 6), GP1 showed a modest reduction in the shown schematically by the solid line: the stimulation rate increased linearly for the first 12 h of each stimulation cycle and then remained constant at 250 pps for the remainder of the week (note that for simplicity the stimulation rate is shown as a linear ramp even though time on the x axis is plotted on a log scale).
nystagmus rate and the peak (negative) cumulative fast phase count (which declined from 22 to 18 for week 6 compared to week 2). The other two guinea pigs, conversely, showed an enhancement of the stimulation-off nystagmus with repeated stimulation cycles, with the peak (negative) cumulative fast phase count increasing from 6 to 17 in GP2 and 15 to 27 in GP3 for week 6 compared to week 2. 4) Comparison of the stimulation-off transitions in the two protocols: Since essentially no nystagmus was generated during stimulation with the slow-onset protocol, quantitative comparison of the two protocols must focus on the nystagmus responses that occurred when the stimulation was abruptly terminated. A benefit of this approach is that the stimulation-off response, commonly referred to as an after-effect, is considered to be a specific feature of central adaptation (see further discussion below). Figure 4 plots the average (and standard deviation) of the peak cumulative fast phase count for the two protocols for all three stimulation-off transitions. The three acute-onset guinea pigs (black icons) consist of the one animal in the current study and the two prior guinea pigs described in Merfeld et al. 2006 , while the three slow-onset guinea pigs (grey icons) are the three animals in the current study.
There are two notable differences between the two sets of animals: (a) for the first stimulation-off transition, significantly more fast phases occurred with the acute-onset protocol than with the slow-onset protocol (t test, T 4 02.91, P00.04); and (b) the acuteonset guinea pigs showed a substantial reduction in the peak cumulative fast phase count for sequential stimulation-off transitions. Despite the small number of animals and the variation in responses between guinea pigs, the fast phase count was negatively correlated with the off-transition number for the acute-onset protocol (Pearson correlation, r0−0.68, P00.046). In contrast, for the guinea pigs tested with the slow-onset protocol, the fast phase count was statistically independent of the number of off-transitions (Pearson correlation: r00.41, P00.28).
DISCUSSION
1) Vestibular adaptation and habituation: Before we discuss our results in detail, it is helpful to consider the characteristics of vestibular adaptation and habituation, since both of these processes could potentially contribute to our findings. Adaptation is defined as a form of associative learning that minimizes an error signal, such as the tone imbalance between the two vestibular nuclei complexes or the nystagmus produced by this tone imbalance (Welch 1978; Cohen et al. 1992; Quinn 1998) . If adaptation reduced the error signal while the stimulus was present, the error signal reverses when the stimulus is removed, resulting in a reversal of the behavioral error. This reversal, termed an "after-effect," is characteristic of adaptation and does not occur with non-adaptive mechanisms such as habituation (Welch 1978; Kandel et al. 2000) . Habituation, in contrast, is defined as a non-associative reduction in sensitivity to a sensory stimulus that occurs after exposure to the stimulus (Welch 1978; Cohen et al. 1992; Kandel et al. 2000) . As discussed below, in our experiments both adaptation and habituation most likely contributed to the nystagmus response during stimulation, while adaptation was responsible for the nystagmus reversal when stimulation was stopped. 2) First stimulation cycle-evidence for adaptation and habituation: When electrical stimulation was first introduced abruptly with the acute-onset protocol, a brisk nystagmus was generated but attenuated quickly and reversed direction when the stimulation was stopped 1 week later. The reversal is clear evidence that adaptation contributed to the resolution of nystagmus during stimulation. When the stimulation was introduced gradually with the slowonset protocol, essentially no nystagmus occurred as the stimulation rate increased to 250 pps over 12 h or while it was maintained at that rate for the first week. This indicates that the brain was able to maintain a central balance in vestibular tone between the stimulated and un-stimulated sides when the high-frequency stimulation was introduced more gradually. The finding that a high rate of tonic afferent stimulation could be achieved over 12 h without generating a meaningful nystagmus response is surprising, as it implies that central vestibular tone could be continually rebalanced as stimulation from one labyrinth increased at a rate of 20.8 pps/h. The presence of an after-effect when the stimulation was abruptly stopped indicates that adaptation did occur with the slow-onset protocol, but it is notable that the after-effect was significantly smaller with this protocol compared to the acute-onset protocol (see Fig. 4 , first offtransition). One possible explanation for this observation is that habituation was more prominent with the slow-onset protocol than with the acute-onset protocol during the first week of stimulation. 3) Repeated stimulation cycles-evidence for dual-state adaptation: As we previously observed (Merfeld et al. 2006) , the magnitude of the nystagmus produced by the abrupt on-and off-transitions with the acute-onset protocol became progressively smaller for subsequent cycles of stimulation. In contrast, the nystagmus produced by the abrupt off-transitions with the slow-onset protocol did not change with subsequent stimulation cycles. Although the first stimulation-off response was smaller for the slowonset protocol, the third stimulation-off response was not larger (Fig. 4) . These results can be interpreted in two alternate ways. First, it seems probable that some feature of the large tone imbalance that was recurrently introduced with acute-onset protocol resulted in a form of dual-state adaptation (Shelhamer et al. 1992) . This implies that the brain learned to use a cue related to the abrupt change in central vestibular tone to switch between two adapted states (stimulation-on and stimulation-off) to compensate in part for these changes. This would explain the reduction in nystagmus produced by the on-and off-transitions with the acute-onset protocol since the brain was repeatedly exposed to a large central tone imbalance at stimulation-onset and offset. In contrast, the slow-onset protocol did not introduce a large asymmetry in central vestibular tone during the periods of stimulation (evidenced by an absence of nystagmus during the ramp up to the tonic stimulation rate) but only at stimulation-offset, and a similar reduction in the off-responses did not occur with this protocol.
A second potential explanation, which appears less likely, is that these results are due to habituation or other non-adaptive mechanisms (Courjon et al. 1987; Balter et al. 2004; Tykocinski et al. 1995) . By approximately matching the total amount of stimulation provided by the two protocols while changing the dynamics of stimulusonset, we sought to control for the possibility that the decreases in stimulation-on and stimulation-off nystagmus observed with the acute-onset protocol were due to a progressive non-adaptive reduction in sensitivity to the electrical stimulation. Our results, however, suggest that more habituation was engendered during the first stimulation cycle with the slow-onset than the acute-onset protocol (given the smaller after-effect with the former, Fig. 4 ). We therefore cannot exclude the possibility that the first slow-onset stimulation cycle produced the maximal habituation possible. In this scenario, the amount of habituation (which is inversely correlated with the size of the after-effect) would not change with subsequent stimulation cycles. The acute-onset protocol, conversely, produced less habituation with the first stimulation cycle and it remains possible that the reduction in the after-effect with subsequent stimulation cycles reflects a progressive increase in habituation rather than a form of dual-state adaptation. This explanation seems improbable for two reasons. First, it is unlikely that maximal habituation would occur with the first cycle of the slow-onset stimulation such that no further habituation was possible with subsequent stimulation cycles. Second, this explanation predicts that the size of the after-effect produced by the acute-and slow-onset protocols should converge at the same value, after maximal habituation has been achieved by repetitions of the acute-onset protocol. Our results suggest, however, that the after-effect produced by the acute-onset protocol may have become smaller than the aftereffect produced by the slow-onset protocol by the third off-transition (Fig. 4) . These observations suggest that, in a general sense, the types of processes that contribute to the central rebalancing of vestibular tone in both the stimulation and ablation models may be qualitatively similar, although certainly substantial differences in the pattern and distribution of these processes would be expected. The mechanisms underlying dual-state adaptation remain unknown but it has been suggested that the cerebellum may play an important role in this process (Thach 1996) and there is some experimental evidence supporting this contention (Lewis and Tamargo 2001; Norris et al. 2011) . Since the cerebellum clearly contributes to the vestibular compensation that minimizes the static behavioral deficits after peripheral labyrinthine ablation (Beraneck et al. 2008; Johnston et al. 2002) , a reasonable hypothesis is that the dual-state component of the vestibular tone adaptation that probably occurred in this study was mediated in some manner by the cerebellum. More generally, it may be that small differences in vestibular tone (as provided by the slow-onset protocol) can be corrected in the brainstem without cerebellar involvement, but that cerebellar mechanisms are recruited when a large tone imbalance is acutely introduced (as occurs with peripheral ablation and with the acute-onset protocol). 5) Future directions: Recording activity in peripheral afferents and central vestibular neurons would provide very useful information in future studies, as it could help determine the extent and location of the adaptation and habituation that occurred with these protocols. In particular, it would help define the extent that reduced sensitivity of primary afferents contributes to the nystagmus responses with both stimulation protocols. Based on prior work, irregular afferents may be preferentially activated with the low stimulation rates provided early in the slow-onset protocol (Goldberg et al. 1984) . Since irregular fibers have more phasic responses than regular fibers (Goldberg and Fernandez 1971) , this could potentially explain why the slow-onset protocol produced nystagmus patterns that appear to reflect a greater reduction in the sensitivity of peripheral afferents (and therefore smaller after-effects) than the acute-onset protocol. Measuring the VOR elicited by head rotations at different times during the stimulation paradigms could also be useful. Since the canal stimulation was tonic and not modulated by head motion, however, it is likely that reduction in spontaneous nystagmus is the principal adaptive change engendered in this situation, and this would be predicted to reduce, rather than augment the VOR gain during tonic stimulation (Lewis et al. 2010 ).
